One sentence summary: Small peptide, miPEP858a, encoded by primary miRNA for miR858a regulates plant growth, development and flavonoid biosynthesis
Introduction
MicroRNAs (miRNAs) are small non-coding, single-stranded endogenous RNAs which regulate gene expression mainly through cleavage and/or translational repression of target mRNA in a sequence-specific manner (Catalanotto et Recently, it has been demonstrated that the plant pri-miRNA contains short Open Reading Frames (ORFs) which encode regulatory peptides also known as miRNA-Encoded Peptides (miPEPs) (Lauressergues et al., 2015) .These peptides were shown to enhance the mature miRNA levels by enhancing the transcription of their associated pri-miRNA (Couzigou et al., 2015; Couzigou et al., 2016) . These miPEPs show specificity towards associated miRNAs suggesting their wide application in the regulation in gene expression and improvement of the desired agronomically important traits (Couzigou et al., 2017) . Though there are only a few reports on involvement of miPEPs in the gene regulation, these provide a significant glimpse into the importance of these small peptides. Here, we show that pri-miR858a of Arabidopsis thaliana encodes a small peptide (miPEP858a) which regulates the expression of miR858a at the transcriptional level and thereby affects the expression of target genes involved in the phenylpropanoid pathway as well as plant growth and development. Exogenous application of synthetic miPEP858a resulted in enhanced miR858a expression along with substantial down-regulation of associated target genes like flavonol-specific MYBs with marked changes in plant growth and development. To provide a better insight into the miPEP858a function, for the first time, we edited the coding region of miPEP858a as well as miR858 family members using the CRISPR/Cas9 system. miPEP858a-edited plants showed phenotypes similar to that of mature miR858-edited plants. These phenotypes include reduced plant growth and delayed flowering along with the enhanced accumulation of flavonoids, anthocyanin and reduction in the level of lignin accumulation.Constitutive expression of miPEP858a showed modulated expression of miR858a and target genes as well as contrasting phenotype as compared to miPEP858a-edited plants.
Moreover, to strengthen miPEP function, we used synthetic miPEP858a for the complementation of CRISPR-edited miPEP858a and GUS reporter studies. Our results demonstrated that the exogenous treatment of synthetic miPEP to these plants suggest a significantly important role of miPEP858a in controlling and regulating the miRNA function.
Result

Effect of miPEP858a on phenotype in Arabidopsis seedlings
As a first step, to identify miPEP encoded by pri-miR858a, we screened for the putative open reading frames (ORFs) in 1000 bp region upstream from pre-miR858a in Arabidopsis thaliana (Col-0) (Supplemental Figure 1) . The analysis led to the identification of 3 putative ORFs of 156 bp, 135 bp and 39 bp respectively. To study whether these ORFs are active in planta, constructs were developed for the in-fusion expression of Figure   1A ). These results suggest existence of 135 bp long ORF encoding small peptide (miPEP858a) of 44 amino acid residues upstream of pre-miR858a region ( Figure 1B ). To study whether this peptide is translated in plants, a construct was prepared in which the complete ORF 1 along with upstream promoter region was fused to GUS and transiently expressed in Nicotiana benthamiana leaves. This result demonstrated that ORF 1 is translated in planta and might therefore regulate miR858a activity ( Figure 1A ).
As miPEPs modulate accumulation of mature miRNA by enhancing transcription of its corresponding pri-miRNA (Lauressergues et al., 2015), we hypothesized that the application of miPEP858a might affect miR858a expression and associated phenotypes. To test whether miPEP858a is functional, WT seeds were grown on the plant growth media supplemented with synthetic peptide miPEP58a at various concentrations (0.1 to 0.5 μ M). The root length of seedlings grown on media supplemented with exogenous miPEP858a showed a concentrationdependent increase as compared to growth in control media ( Figure 1C and F). This increase in root length is comparable to the phenotype observed in seedlings over-expressing miR858a
( Figure 1E and H). Based on preliminary dose-dependent experiments, 0.25
was selected as optimal for the regulation of miR858a.
In our earlier study, miR858a was shown to target R2R3 family of MYB transcription In previous studies, it was shown that miPEPs are specific for their associated miRNA.
Therefore, specificity of miPEP858a was studied by using a NSP (non-specific peptide of 42 amino acid residues) at two different concentrations (0.1 μ M and 0.25 μ M). Seedlings grown on media containing NSP showed no change in the root growth and expression of pri-miR858a as compared to WT plants (Figure1D, G and J). Furthermore, in order to check the specificity of miPEP858a towards miR858a, expression of pre-miR858b and several other miRNAs family members was analysed in miPEP858a treated seedlings was performed. This analysis revealed no significant changes in the expression of these miRNAs in response to miPEP858a
supplemental Figure 2 ). Together, these results suggest that pri-miRNA858a encodes a small peptide (miPEP858a) which has a potential role in the regulation of miR858 expression. To analyse whether miPEP858a is absorbed by the root, fluorescent labeled miPEP858a (5-FAMmiPEP858a) was used. Results suggest that incubation of seedlings with 5-FAM-miPEP858a, leads to green fluorescence inside root cells of Arabidopsis and the uptake of this peptide by the roots ( Figure 1L )
CRISPR/Cas9 derived knockout mutants show altered phenotype and gene expression
To further investigate the functions of miPEP858a, we developed miPEP858a mutant plants using CRISPR/Cas9 approach. To establish CRISPR/Cas9, we first edited AtPDS3 (AT4G14210), a significant carotenoid pathway gene that upon mutation showed photobleaching (albino phenotype) (Supplemental Figure 3A) which is also reported by others groups (Li et al., 2013). For mutation in miPEP858a, we designed a gRNA which can target coding region (Supplemental Figure 4) . To study if miPEP CR plants have similar effects as miR858, knock-out miR858 mutant plants were developed. As miR858 family consists of two members, miR858a and miR858b, to develop mutation in both members a single gRNA was designed. This gRNA can target both miR858a and miR858b as both members are similar in sequences except for an additional 1bp present at the 5′ end of miR858a (Supplemental Figure 4) . In addition, gRNA was designed to mutate pre-miRNA region (pre-miR858a CR ) to study whether mutations in regions other than mature miRNAs produces similar result. For the selection of miPEP858a and miR858 edited plants, screening was performed to identify mutations in the miPEP858a coding region. Deletion and insertions were observed in the coding region that caused nonsense mutations. pre-miR858a, mature miRNA sequences of miR858a (miR858a CR ) and miR858b
(miR858b CR ) as well as those carrying mutations in both miR858a and miR858b (miR858a/b CR ).
Homozygous and Cas9-free edited plants of T4 generation were used for further study (Supplemental Figure 5 , 6 and 7).
All the developed mutants displayed a significant decrease in root length as compared to WT on ½ strength MS media (Figure 2A and B). To study whether the mutation in miPEP858a affects the level of miR858a and expression of target genes, qRT-PCR analysis was performed.
Expression analysis showed a significant decrease in the expression of miR858a, miR858b and Further, to test whether a mutation in miPEP858a has similar effects as mutations in other regions of miR858, plants carrying mutations were grown on soil and were monitored for developmental and phenotypic variations. All the mutants displayed similar phenotypes like delayed bolting, weaker stem, smaller rosette diameter, along with several other developmental variations as compared to WT ( Figure 2D and E). These phenotypes were opposite to transgenic Figure 3A and B, Supplemental Figure 9 and 10).
Lignin staining of the cross-section of mutated plants showed decreased lignification in vascular and interfascicular tissues ( Figure 3C-F) . In order to unravel the molecular mechanism for lesser lignin content in edited plants, the expression analysis of lignin biosynthesis genes including AtSND1, AtCCR1, AtCAD6 and AtHCT was examined by qRT-PCR. Analysis suggested that the expression of these genes is reduced in comparison to WT ( Figure 3G ). The decrease in expression of these genes is well correlated with the reduction in lignin content of edited plants. Altogether, these results suggest that higher accumulation of flavonoids and anthocyanin in mutated lines is because of increase in expression of miR858a targets genes.
Also, the pathway flux is diverted toward flavonoid synthesis at the cost of lignin synthesis.
Exogenous miPEP858a complements function in miPEP CR plants
Our analysis suggested that mutation in the miPEP858a coding region causes a decrease in expression of miR858a thereby leading to enhanced expression of the target genes and modulation in the plant growth and development. We, therefore, hypothesized that exogenous application of synthetic miPEP858a to miPEP CR plants will complement its function. To test this Figure 11 ). In addition, exogenous supplementation of miPEP858a did not complement miR858 CR edited plants ( Supplementary Fig.   11 ). These results suggest that miPEP858a positively regulates expression of miR858a. To strengthen our results, AtCHS protein levels were analysed in WT and miPEP CR seedlings grown on media supplemented with synthetic miPEP858a. The analysis suggested that supplementation of synthetic miPEP858a to the media leads to the decrease in the CHS protein levels in WT as well as miPEP CR plants ( Figure 4E ).
To analyze whether exogenous application of synthetic miPEP858a has a similar effect on plants grown in soil, miPEP858a was sprayed on 14-and 21-day old WT and miPEP CR plants.
After application of exogenous miPEP858a the complete life cycle of these plants was monitored for changes in the phenotype. Application of synthetic miPEP858a on WT and miPEP CR plants led to early bolting as compared to plants treated with mock (water) ( Figure 5A and 5B). On further maturation of these plants, it was found that application of miPEP858a led to significant 
Overexpression of miPEP858a modulates miR858a-associated phenotype
To verify the biological function of miPEP858a, we produced transgenic plants that in controlling miR858a activity.
Transcriptional regulation of miR858a is dependent on miPEP858a
To explore the possibility that miR858a is regulated in response to miPEP858a peptide, we used promoter lines (PromiR858a::GUS) which were developed previously (Sharma et al., 2016).
Waterhouse and Hellens (2015) suggested a model and hypothesized that miPEPs might bind to the promoter of respective miRNAs and modulatethe transcription of own genes. To test this hypothesis, we used promoter-reporter lines (PromiR858a::GUS) for exogenous peptide assay.
Transgenic seedlings were grown on ½ MS with or without supplementation of synthetic miPEP858a (0.25 μ M). Interestingly, the expression of miR858a and GUS genes was significantly higher in plants grown in media supplemented with synthetic miPEP858a as compared to normal control media. Histochemical GUS assay suggested enhanced GUS activity in PromiR858a::GUS seedlings supplemented with synthetic miPEP858 in the media as compared to control media ( Figure 7A and B). In addition, the expression of target genes (AtMYB12) and associated genes (AtCHS and AtFLS1) decreased significantly in seedlings grown on miPEP858a supplemented media ( Figure 7C ). These results suggest that miPEP858a regulate its own promoter activity and increases the transcription of the GUS gene.
Discussion
This study provides several lines of evidences to show involvement of miPEP858a in regulation of miR858a expression. Role of miRNAs as agents exercising post-transcriptional control over most eukaryotic genomes is well-known. On the contrary, very limited information is available on how these miRNAs are regulated. In this study, we have investigated transcriptional regulatory mechanism that influences miRNA expression. Earlier, pri-miRNAs were referred to as non-coding RNAs (ncRNAs) as they were thought to be incapable of encoding protein.
However, recent studies suggest that a few pri-miRs encode small peptides which participate in Earlier studies suggest specificity of miPEPs towards their associated miRNAs (Lauressergues et al. 2015) . Similarly, we observed specificity of the miPEP858a towards regulation of miR858a expression as expression of other miRNAs was not modulated on the application of miPEP858a to Arabidopsis seedlings. Likewise, we also found that use of a nonspecific peptide (NSP) does not lead to increase in root length and enhancement in miR858a expression as by miPEP858a. Through promoter-reporter study, our analysis also suggests that miPEP858 regulates own promoter activity as hypothesized by Waterhouse and Hellens (2015).
However, uptake of miPEPs by cells, transport to nucleus and interaction with promoter still need detailed investigation (Couzigou et al., 2015) .
Collectively, our study proposes a model depicting the importance of miPEP858a in regulating the expression of miR858a thereby exerting its control on the phenylpropanoid pathway leading to flavonoids biosynthesis as well as plant growth and development (Fig. 8 ).
This study added a new layer of regulation of miRNA and confirmed the role of miPEPs in various processes. To provide the further line of evidence, complementation studies performed using synthetic miPEP858a on mutated plants confirmed its vital role in regulating miR858a expression. Our study also suggests that exogenous application of miPEPs can bypass the tedious and complex procedures involved in the production of transgenic plants and can significantly modulate key plant developmental processes with high agronomical importance. It is intriguing to comprehend the molecular mechanism of action of miPEPs in regulation of plant growth and development.
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Material and methods
Arabidopsis thaliana (Col-0) was used as wild-type (WT) plant and for editing of miPEP858a were amplified by PCR using primer surrounding target sites. Mutations were detected using Takara Guide-it mutation detection kit (631443) for miR858a, b, pre-miR858a and miPEP858a.
For detection of mutation in AtPDS, PCR fragments were digested by NcoI. PCR products from positive plants were cloned in cloning vector pTZ57R/T and sequenced using M13F and M13R
primer. For OXmiPEP858a, cloned sequence was amplified using CaMV35S F and NosT followed by gene-specific primer.
Histochemical GUS staining. GUS staining was performed using a previously described Table 1 .
Total lignin quantification.
To visualize lignified cells in stem, hand-cut sections were stained for 2 min using Toluidine Blue O (Sigma-Aldrich) and 1 min using phloroglucinol blue (SigmaAldrich) and visualized on a Leica DM2500 microscope (Kin et al., 2005). Lignin quantification was done by using the method described by Bruce and West (1989) . Briefly, samples (approx. 600 mg) were crushed in liquid N 2 and suspended in ethanol (2 ml). The mixture was centrifugation at 12,000xg (30 min at 4°C). The pellet was dried and resuspended in 5 ml of 2 N HCl and 0.5 ml of thioglycolic acid followed by incubation at 95°C for 8 h and cooling to room temperature. The suspension was centrifuged at 12,000xg for 30 min, and the pellet was washed with double distilled water. After re-centrifuging at 12,000xg and 4°C for 5 min, the resulting pellet was suspended in 5 ml of 1 N NaOH and agitated gently at 25°C for 18 h. After centrifugation at 12,000xg and 4°C for 30 min, 1 ml of HCl was added to the supernatant and the solution was allowed to precipitate at 4°C for overnight. Following centrifugation at 12,000xg
and 4°C for 30 min, the pellet was re-dissolved in 3 ml of 1 N NaOH and the lignin was two-tailed Student's t-test using GraphPad Prism 5.01 software (* P < 0.1; ** P < 0.01; *** P < 0.001). For measurement of root length in Figure 1E , F, G, 2B, 4B (n=30 independent seedlings).
For quantification of total anthocyanin, flavonols and lignin content in Figure 3A , B, C (n= 5 independent plants). Asterisks indicate a significant difference between the WT and the edited plants according to two-tailed Student's t-test using Graphpad Prism 5.01 software (n=5 independent plants, * P < 0.1; ** P < 0.01; *** P < 0.001). (n=5, independent seedlings, * P < 0.1; ** P < 0.01; *** P < 0.001). software (n=5, independent seedlings, * P < 0.1; ** P < 0.01; *** P < 0.001). software (n=30 independent seedlings, (* P < 0.1; ** P < 0.01; *** P < 0.001). software (n=30 independent seedlings, (* P < 0.1; ** P < 0.01; *** P < 0.001). Student's t-test using Graphpad prism 5.01 software (n=30 independent seedlings, (* P < 0.1; ** P < 0.01; *** P < 0.001). edited lines according to two-tailed Student's t-test using GraphpadPrism 5.01 software (n=5, independent seedlings, * P < 0.1; ** P < 0.01; *** P < 0.001). Error bars represent standard deviation. Asterisks indicate a significant difference between the treatment and the control according to two-tailed Student's t-test using Graphpad prism 5.01 software (n=30 independent seedlings, (* P < 0.1; ** P < 0.01; *** P < 0.001). software (n=5, independent seedlings, * P < 0.1; ** P < 0.01; *** P < 0.001). Asterisks indicate a significant difference between the WT and miR858 edited lines according to two-tailed Student's t-test using GraphpadPrism 5.01 software (n=5, independent seedlings, * P < 0.1; ** P < 0.01; *** P < 0.001).
Supplemental
